Insulin coordinates the complex response to feeding, affecting numerous metabolic and hormonal pathways. Forkhead box protein O1 (FoxO1) is one of several signaling molecules downstream of insulin; FoxO1 drives gluconeogenesis and is suppressed by insulin. To determine the role of FoxO1 in mediating other actions of insulin, we studied mice with hepatic deletion of the insulin receptor, FoxO1, or both. We found that mice with deletion of the insulin receptor alone showed not only hyperglycemia but also a 70% decrease in plasma insulin-like growth factor 1 and delayed growth during the first 2 months of life, a 24-fold increase in the soluble leptin receptor and a 19-fold increase in plasma leptin levels. Deletion of the insulin receptor also produced derangements in fatty acid metabolism, with a decrease in the expression of the lipogenic enzymes, hepatic diglycerides, and plasma triglycerides; in parallel, it increased expression of the fatty acid oxidation enzymes. Mice with deletion of both insulin receptor and FoxO1 showed a much more modest phenotype, with normal or near-normal glucose levels, growth, leptin levels, hepatic diglycerides, and fatty acid oxidation gene expression; however, lipogenic gene expression remained low. Taken together, these data reveal the pervasive role of FoxO1 in mediating the effects of insulin on not only glucose metabolism but also other hormonal signaling pathways and even some aspects of lipid metabolism.
I
nsulin plays a central role in coordinating the transition from fasting to feeding. It suppresses the production of glucose and ketones, stimulates lipogenesis and cholesterol synthesis, and also appears to promote growth and fertility (1) . Both insulin deficiency, which occurs in type 1 diabetes, and insulin resistance, which occurs in type 2 diabetes, result in profound metabolic defects that can produce severe morbidity and mortality.
Insulin exerts its effects by binding to the insulin receptor and activating its tyrosine kinase activity. This, in turn, leads to the activation of a complex signaling cascade with multiple branches (1) . In the canonical pathway, insulin receptor phosphorylates the insulin receptor substrate (IRS) proteins, which activate phosphoinositide 3-kinase, which in turn, activates Akt. Akt activates mammalian target of rapamycin complex 1 and suppresses glycogen synthase kinase 3 and forkhead box protein O1 (FoxO1). Each of these signaling molecules has an important function: mammalian target of rapamycin complex 1 promotes protein and lipid synthesis, glycogen synthase kinase 3 inhibits glycogen synthesis, and FoxO1 drives gluconeogenesis. However, the full complement of targets downstream of each of these signals and the extent to which they overlap with one another are not clear.
Liver insulin receptor knockout (LIRKO) mice highlight the importance of hepatic insulin signaling in maintaining whole-body homeostasis (2) (3) (4) . In addition to hyperglycemia and hyperinsulinemia (5, 6) , LIRKO mice show derangements in other hormonal axes (2, 7) , as well as reduced levels of lipogenic gene expression, lipogenesis, and plasma triglycerides (TGs) (4) . FoxO1 is critical to the hyperglycemic phenotype of LIRKO mice, as the deletion of hepatic FoxO1 is sufficient to restore normal glucose tolerance in LIRKO mice (5, 6) . Deletion of hepatic FoxO1 also normalizes glucose homeostasis in mice that are insulin resistant as a result of deletion of the IRS proteins (8) , the Akt proteins (9) , or other dietary and genetic insults (10) . In addition to driving gluconeogenesis, FoxO1 has been reported to regulate lipid metabolism and growth pathways (5, 8, (11) (12) (13) (14) .
To explore further the role of FoxO1 in mediating the effects of insulin, we studied mice with deletion of the insulin receptor, FoxO1, or both in their livers. We found that FoxO1 is required for the development of not only hyperglycemia and hyperinsulinemia but also derangements in the leptin and insulin-like growth factor 1 (IGF1) axes, the hepatic lipidome, and the expression of the genes required for fatty acid oxidation. On the other hand, the ability of FoxO1 deletion to rescue lipogenic gene expression was modest.
Materials and Methods

Animals
Liver-specific knockout (KO) mice were generated by crossing mice harboring floxed alleles of the insulin receptor (Insr) (2) and/or FoxO1 (15) with mice harboring a transgene encoding the Cre recombinase under the albumin promoter. All mice were maintained on a C57BL/6 background. Unless otherwise indicated, we used male mice fed a standard chow diet ad libitum and euthanized in the nonfasted state at 1400 hours. All animal experiments were performed with the approval of the Institutional Animal Care and Research Advisory Committee at Boston Children's Hospital.
Liver Western blotting
Livers were homogenized in radioimmunoprecipitation assay buffer, and 50 mg lysate was loaded onto sodium dodecyl sulfate-polyacrylamide gel electrophoresis gels. Blots were blocked in SuperBlock buffer (Thermo Scientific), incubated overnight with primary antibody (Table 1) , and detected with secondary antibody conjugated with horseradish peroxidase.
Glucose tolerance testing
Mice were fasted for 14 hours overnight and then given 1 g glucose/kg body weight by intraperitoneal injection. Blood glucose levels were monitored via tail nick at 0, 15, 30, 60, 90, and 120 minutes after glucose injection.
Gene expression analysis/real-time PCR
RNA was isolated from frozen livers using Trizol (Life Technologies). cDNA was synthesized using a reverse transcription kit (Applied Biosystems), and used for real-time polymerase chain reaction (PCR) analysis with SYBR Green (Life Technologies). Gene expression was normalized to TATA-box binding protein.
Plasma chemistry and metabolic measurements
Plasma samples collected at the time of euthanasia were used in the following enzyme-linked immunosorbent assays (ELISAs): insulin (Crystal Chem), leptin (Crystal Chem), C-peptide (Alpco), soluble leptin receptor (MyBioSource), or IGF1 (R&D Systems). Plasma TGs were measured using a colorimetric assay (Infinity), according to the manufacturer's instructions.
Hepatic lipids
Livers were homogenized in 50 mM NaCl, and lipid was extracted with chloroform:methanol (2:1, volume to volume ratio). TGs were measured using a colorimetric assay (Infinity), as previously described (4).
Body length measurements
Mouse body length was recorded between 4 and 9 weeks of age by measuring the length from the snout to the anus. Liquid chromatography-tandem mass spectometry analysis
Liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis was performed on a single cohort of male mice, using Orbitrap Q-Exactive (Thermo Fisher Scientific) coupled to UltiMate 3000 ultra-high-performance LC (Thermo Fisher Scientific). A 500-mg protein aliquot of liver homogenate was used to extract glycerolipids, glycerophospholipids, and sphingolipids (16) . Lipid extracts, along with spiked-in internal standards (Supplemental Table 1 ), were used for LC-MS/MS analysis, and individual peaks were identified by the algorithm LipidSearch 4.1sp (Thermo Fisher Scientific). The ceramide (Cer) species [Cer (d34:1)] was identified as a C 16:0 Cer, based on the MS/MS fragmentation pattern. Normalization was performed using spiked-in standards for the specified lipid classes.
Statistical analysis
Data are represented by the mean 6 standard error of the mean (SEM), unless otherwise indicated. Significance was assessed by a two-tailed Student t test with unequal variance. Comparisons between KOs and controls were defined as significant only if P , 0.05 for both the KO vs the pooled controls and the KO vs its specific littermate Cre-negative control, unless otherwise indicated. Data are representative of two or three independent cohorts, unless otherwise indicated.
Please see Supplemental Information for additional methods.
Results
Mice were generated using a transgene encoding the Cre recombinase under the albumin promoter and floxed alleles of the insulin receptor (Insr) or FoxO1. FOXO1 protein was not detected in the livers of mice with hepatocyte-specific deletion of FoxO1 (LFKO) or both the insulin receptor and FoxO1 (LDKO); insulin receptor was not detected in the livers of LIRKO or LDKO mice [ Fig. 1(a) ]. We also studied the littermate floxed controls of the LFKO, LIRKO, and LDKO mice. As these mice were generally phenotypically similar, they were pooled for analysis and labeled as "controls." LFKO mice showed no changes in glucose tolerance, plasma insulin and C-peptide levels, or hepatic gluconeogenic gene expression [ Fig. 1 
LIRKO mice, on the other hand, showed profound derangements in glucose metabolism: severe hyperglycemia, hyperinsulinemia, increased levels of plasma C-peptide, increased hepatic levels of the gluconeogenic enzymes glucose 6-phosphatase (G6pc) and phosphoenolpyruvate carboxykinase (Pepck), and increased levels of the transcriptional coactivator peroxisome proliferator-activated receptor g, coactivator 1 a (Ppargc1a). Interestingly, all of these parameters were normalized or nearly normalized in LDKO mice.
LIRKO mice showed a substantial decrease in body weight and length at 4 weeks of age [ Fig. 2 (a) and 2(b)].
By 9 weeks of age, these defects had resolved, but several derangements in the IGF1 axis were nonetheless observed: Igf1 and IGF-binding protein (IGFBP), acid labile subunit (Igf-als), which promote growth, were decreased 40% to 60%; Igfbp1, which inhibits IGF1 signaling, was increased 19-fold; and Igfbp3, which stabilizes IGF1, was unchanged [ Fig. 2 (c)-2(f)]. Plasma IGF1 levels were reduced .70% at both 4 (data not shown) and 9 weeks of age [ Fig. 2(g) ]. Again, all of these parameters were normalized or nearly normalized in LDKO mice.
LIRKO mice showed a 20-fold increase in plasma leptin [ Fig. 3(a) ]. This was associated with a 20-fold increase in plasma levels of the soluble leptin receptor [ Fig. 3(b) ]. The soluble leptin receptor is the major leptinbinding protein in plasma and appears to regulate the bioavailability of leptin (17) . The soluble leptin receptor contains the extracellular domain of the leptin receptor. It can be generated by ectodomain cleavage of either the long isoform of the leptin receptor (ObRb, which contains the extracellular domain, transmembrane domain, and cytoplasmic domain), or the short isoforms of the leptin receptor (such as ObRa, which contains the extracellular domain and transmembrane domain but not cytoplasmic domain) (18) (19) (20) . The soluble leptin receptor can also arise from ObRe, which lacks both the cytoplasmic and transmembrane domains and is secreted directly into the plasma. LIRKO mice showed a 150-fold increase in ObRa, a 400-fold increase in ObRb, and a 5-fold increase in ObRe [ Fig. 3(c)-3(e) ]. In LDKO mice, plasma leptin and soluble leptin receptor as well as expression of ObRa, ObRb, and ObRe were significantly reduced compared with LIRKO mice, although plasma leptin, ObRa, and ObRb remained elevated compared with controls (Fig. 3) . In contrast, LFKO mice showed no substantial derangements in the leptin axis.
Insulin plays a key role in the regulation of lipid metabolism, stimulating lipogenesis and suppressing fatty acid oxidation. The insulin-stimulated lipogenic transcription factor, sterol regulatory element-binding protein 1c (Srebp1c), was reduced by 50% in LIRKO livers. However, the insulin-induced gene (Insig) transcripts, which encode proteins that inhibit the maturation of SREBP1C (21, 22) , were suppressed, with Insig1 and Insig2a reduced by 40% and 80%, respectively, and Insig2b unchanged [ The genes involved in the uptake and oxidation of fatty acids-cluster of differentiation (Cd36), adipose TG lipase (Atgl), and carnitine palmitoyltransferase 1a (Cpt1a)-were increased in LIRKO livers, even though Ppara levels were not changed [ Fig. 4(j)-4(m) ]. On the other hand, fibroblast growth factor 21 (Fgf21) was suppressed by 60% in LIRKO livers [ Fig. 4(n) ]. These changes in gene expression were associated with a 50% reduction in TG secretion and a 40% reduction in plasma TGs but no change in hepatic TGs [ Fig. 4 (o) and 4(p); Supplemental Fig. 1 ].
The deletion of FoxO1 differentially affected the genes involved in lipogenesis vs fatty acid oxidation. Although Gck and Fasn were increased in LDKO vs LIRKO, all of the lipogenic genes (Srebp1c, Lpk, and Scd1, as well as Gck and Fasn) remained 30% to 80% lower in LDKO mice than controls [ Fig. 4(a)-4(i) ]. On the other hand, Cd36, Atgl, and Cpt1a were normalized in the livers of LDKO mice, and Fgf21 was increased in the livers of both LDKO and LFKO mice compared with controls [ Fig. 4(k)-4(n) ]. These changes in gene expression were associated with a slight increase in TG secretion in LDKO compared with LIRKO mice, normalization of plasma TGs, and no change in hepatic TGs [ Fig. 4 (o) and 4(p); Supplemental Fig. 1] .
We next performed lipidomic analysis in LFKO, LIRKO, and LDKO mice. In LIRKO livers, the total TG, Cer, phosphatidylcholine (PC), phosphatidylethanolamine (PE), and sphingomyelin (SM) content was normal (data not shown). However, the diglyceride (DG) content was reduced by almost 50% (Supplemental Fig. 2 Table 2 ]. In addition, two Cer species were increased more than twofold: Cer (d34:1) and Cer (d41:1). Finally, there were marked changes in the lipid composition; for example, LIRKO livers were enriched in TG (52:1) and TG (54:2), even though total TG levels did not change [ Fig. 5(c) ; Supplemental Table 2 ].
Many of the changes in lipid content and composition observed in LIRKO mice were lost in LDKO mice [ Fig.  5 (b) and 5(c); Supplemental Table 2 ]. First, none of the DG species measured was found to be significantly reduced in LDKO mice. Second, the increases in Cer (d34:1) and Cer (d41:1) observed in LIRKO livers were attenuated in LDKO livers. And, finally, most of the changes in PC species observed in LIRKO mice were restored toward normal in LDKO mice, with only PC (38:2), PC (42:10), and PC (42:6) still significantly suppressed by .50%. On the other hand, LDKO mice showed a marked change in TG species composition [ Fig. 5(c) ; Supplemental Table 2 ].
In parallel, we measured expression of 16 genes involved in TG, SM, Cer, PC, and PE metabolism in the livers of LIRKO mice and their floxed controls using real-time PCR (Supplemental Fig. 3 ). Several enzymes were significantly decreased: glycerol-3-phosphate acyltransferase 1 (Gpat1), which catalyzes the first step in glycerolipid synthesis, was reduced 40%; Lipin3, which converts phosphatidic acid to DG, was reduced 45%; diacylglycerol O-acyltransferase 2 (Dgat2), which converts DG to TG, was decreased 38%; and PE N-methyltransferase (Pemt), which converts PE to PC, was reduced 27%. On the other hand, phosphate cytidyltransferase 1b (Pcyt1b), which catalyzes the rate-limiting step of PC synthesis, was increased 1.5-fold; choline/ethanolamine phosphotransferase 1 (Cept1), which generates PC from DG, was increased 1.2-fold; SM synthase 2 (Sgms2), which catalyzes SM synthesis, was increased 1.2-fold; and Cer synthase S6 (CerS6), which promotes the synthesis of long-chain C 16:0 ceramides, such as Cer (d34:1), was increased 2.5-fold. Of these, only Gpat1, Lipin3, and CerS6 were significantly and consistently changed in LDKO vs LIRKO mice: Gpat1 and CerS6 were largely restored to normal in LDKO livers, whereas Lipin3 levels were only partially restored [ Fig. 5(d)-5(f) ].
Discussion
Here, we show that FoxO1 is required for most of the phenotypic defects observed in LIRKO mice. These data are consistent with a role for FoxO1 as a key driver of the fasting response: it promotes gluconeogenesis and fatty acid oxidation, while interfering with growth and the IGF1 axis.
IGF1 is a major regulator of somatic growth. IGF1 is secreted by the liver in response to growth hormone. In the plasma, IGF1 circulates in a ternary complex with IGF-ALS and IGFBP3 before reaching its target cells (23) . The ability of IGF1 to activate its receptor is further modulated by other IGFBPs, some of which appear to inhibit IGF1 action, such as IGFBP1. Insulin promotes growth by inducing IGF1 and IGF-ALS and suppressing IGFBP1. Thus, patients with type 1 diabetes in poor glycemic control show low serum IGF1, increased IGFBP1, and growth impairment (24) (25) (26) .
At 4 weeks of age, LIRKO mice show reduced body length and weight. At 9 weeks of age, LIRKO mice show reduced Igf1 and Igf-als expression, increased Igfbp1 expression, and reduced plasma IGF1 levels. However, body weight and length are normal. The fact that LIRKO mice ultimately reach normal adult size, despite these derangements in the IGF1 axis, points to the existence of compensatory mechanisms (27) .
In any case, the defects in IGF1 signaling and growth retardation observed in LIRKO mice are almost entirely normalized by the hepatic deletion of FoxO1. Likewise, mice with a deletion of the IRS signaling node show growth delay and defects in the IGF1 axis that resolve with concurrent deletion of FoxO1 (8) . These data indicate that FoxO1 suppresses IGF1 and growth in the absence of normal insulin signaling.
Leptin is a major regulator of appetite, energy expenditure, and metabolism. Leptin's primary effects are centrally mediated (28) . The role of the soluble leptin receptor in modulating leptin's effect is not clear: the soluble leptin receptor reduces leptin clearance from the circulation (17, 19) , and overexpression of the soluble leptin receptor reduces body weight and increases energy expenditure in mice (19, 29) ; on the other hand, soluble leptin receptor reduces leptin transport across the bloodbrain barrier (30) and impairs leptin signaling in vitro (31) . LIRKO mice show a marked increase in the soluble leptin receptor and hyperleptinemia, which are largely restored in LDKO mice, consistent with the fact that the leptin receptor promoter contains FoxO1-binding sites (7) .
Insulin also plays a fundamental role in the control of lipid and glucose metabolism. LIRKO livers show dramatic changes in the PC and TG species composition, a near 50% reduction in DG content, and an increase in CerS6 and Cer (d34:1). Interestingly, the deletion of FoxO1 in LIRKO mice normalized most of these changes, indicating that FoxO1 may have a broader effect on lipid metabolism than previously expected.
The derangements in Cer and DGs are of particular interest, as both are elevated in the livers of mice and humans with obesity and type 2 diabetes and closely correlated with insulin resistance (32) . This has led some to suggest that these lipids impair insulin signaling and thereby produce insulin resistance and hyperglycemia (32) (33) (34) (35) . However, determining which of these molecules, if either, is a cause rather than a consequence of insulin resistance has been difficult. Of the DG and Cer species previously reported to be increased in insulin-resistant mice and humans (35, 36) , three were significantly changed in LIRKO livers: Cer (d34:1), DG (34:1), and DG (36:4). Cer (d34:1) was previously shown to be increased in the livers of obese mice, whereas DG (34:1) and DG (36:4) were shown to be increased in the livers of obese humans (35, 36) . The fact that Cer (d34:1) is increased in LIRKO livers indicates that insulin suppresses Cer (d34:1) and suggests that the increase in Cer (d34:1) observed in obese livers is, at least in part, a consequence of insulin resistance. On the other hand, the fact that DG (34:1) and DG (36:4) are reduced in LIRKO livers indicates that the increased levels of DG (34:1) and DG (36:4) observed in obese livers are unlikely to be a consequence of defective insulin signaling. Instead, increased levels of these DG species must be causal to, and/or develop in parallel with, insulin resistance.
In the fasted state, adipocytes release free fatty acids, which are taken up by the liver and oxidized. The oxidation of fatty acids is necessary for ketone generation. It also drives gluconeogenesis, both by diverting pyruvate into the gluconeogenic pathway and by providing the ATP necessary to fuel gluconeogenesis. Insulin suppresses adipose tissue lipolysis and fatty acid oxidation. Consistent with this, LIRKO mice show an increase in the expression of the genes required for the uptake of fatty acids from the plasma (Cd36), the release of fatty acids from intracellular lipid droplets (Atgl), and the translocation of fatty acids into the mitochondria where they can be oxidized (Cpt1a). LIRKO mice also show a reduction in Gpat1. GPAT1 catalyzes the acylation of glycerol-3-phosphate, the first step in TG synthesis, and thereby competes with CPT1a for acyl-CoA (37, 38) . In LDKO livers, the expression of all of these genes is normal. These data are consistent with a model in which FoxO1 triggers a transcriptional program to increase free fatty acid availability, as well as their channeling toward oxidation through CPT1a.
In contrast, Fgf21 shows a distinct pattern of regulation; it is increased in LFKO livers, consistent with prior reports (39) , as well as in LDKO livers. This is interesting for several reasons. First, FGF21 is considered a fasting hormone and is induced by the transcription factor PPARa. However, in contrast to Cpt1a, another PPARa target, Fgf21 is decreased in LIRKO mice. Second, Fgf21 is the only gene in this study that was perturbed by the deletion of FoxO1 alone. These data reveal Fgf21 to be a unique target of FoxO1. An important remaining question is the physiological impact of this regulation. Although pharmacological doses of FGF21 stimulate lipolysis (40) , the role of endogenous FGF21 on lipolysis is less clear, and at least under some conditions, FGF21 may suppress adipose tissue lipolysis (41) (42) (43) . Thus, FoxO1 could potentially activate lipolysis by inhibiting FGF21.
The ability of hepatic FoxO1 to modulate adipose lipolysis may underlie its ability to control hepatic gluconeogenesis indirectly (5, 6, 44) . Deletion of FoxO1 in the livers of mice with defective hepatic insulin signaling somehow restores the ability of insulin to control hepatic glucose production, revealing a noncanonical, indirect pathway by which FoxO1 may drive gluconeogenesis (9) . It has been suggested that in this indirect pathway, FoxO1 in the liver promotes adipose tissue lipolysis and the flux of free fatty acids to the liver. The increase in free fatty acid flux would drive fatty acid oxidation and thereby, promote gluconeogenesis (5, 9, 44) . How hepatic FoxO1 exerts this effect on the adipose tissue is not known. As discussed previously, FGF21 is one potential mediator. IGF1 and leptin are other potential mediators, as they appear to be normalized in LDKO mice and can cross talk with the insulin receptor at the level of the adipocyte to regulate lipolysis (45, 46) ; in addition, leptin can act centrally to improve insulin sensitivity.
In our studies, the only abnormality of LIRKO mice not corrected by deletion of FoxO1 is the defect in lipogenesis. LIRKO mice show a decrease in the lipogenic transcription factor Srebp1c and its targets, Gck, Fasn, and Scd1. Insulin induces SREBP1C by increasing its transcription and promoting its cleavage (47) . That is, SREBP1C is synthesized as a membrane-bound precursor, which must undergo proteolytic cleavage to generate its active, nuclear form (47) . This cleavage is inhibited by the INSIG proteins, which are encoded by two genes (21, 22) . INSIG1 is under the control of the SREBPs: SREBP promotes transcription of Insig1 as part of an inhibitory feedback loop (48) . INSIG2 is encoded by two transcripts (21, 22) . Insig2a is the major Insig2 transcript in fasted livers and is suppressed by feeding and insulin treatment (21, 22) . However, Insig2a is reduced in LIRKO and LDKO mice, as well as mice with deletion of the Akt signaling node (4, 49, 50) . Taken together, these data indicate that Insig2a transcription is not directly regulated by hepatic insulin/Akt/Foxo1 signaling. However, the post-transcriptional regulation of INSIG2 does appear to require hepatic insulin signaling, as INSIG2 protein levels are increased in LIRKO livers (4) .
Srebp1c, Gck, Fasn, and Scd1 remain low in LDKO mice. These data are consistent with the notion that insulin induces SREBP1C independently of FoxO1 (50) . Recent studies have shown FoxO1 to be important for the induction of Gck transcription in the early refeeding period (51, 52) . However, it should be noted that in the early refeeding period, SREBP1C, which is a key regulator of Gck, is not yet fully active (53) . Our studies in nonfasted mice show that the deletion of FoxO1 in the context of normal insulin signaling (LFKO) has no effect on Gck and that the deletion of FoxO1 in LIRKO mice (LDKO) produces only a modest induction of Gck. These data suggest that in contrast to what is observed in early refeeding, the role of FoxO1 on Gck under normal fed conditions may be more limited.
We also find that although Chrebp levels are normal in LIRKO livers, the ChREBP target, Lpk, is reduced. This could be a result of the crosstalk between ChREBP and SREBP1C mediated by GCK: GCK is induced by SREBP1C and is, in turn, required for the generation of the glycolytic products necessary for the activation of ChREBP (54) .
In summary, FoxO1 plays a unique, nonredundant role in mediating the effects of insulin. Mice with deletion of both insulin receptor and FoxO1 in their livers appear to manifest a particularly beneficial phenotype: these mice show normal or near-normal glucose homeostasis, hepatic lipid content, and IGF1 and leptin signaling. However, they are unable to induce hepatic Srebp1c, an important driver of lipogenesis and potentially hyperlipidemia and steatosis.
